I . INTRODUCTION
Reverse logistics of end-of-life (EOL) products encompasses many different characteristics of environmentally conscious manufacturing, including disassembly, reuse, recycling, and remanufacturing. Reverse logistics is gaining increased attention not only because of environmental factors but also for economic reasons.
As manufkdurers have changed from isolated business units to integrated network partners, they require effective and efficient Supply Chain Management (SCM) strategies for materials, components, and products. SCM can help speed up the reverse logistics through the availability of advanced information technologies like Enterprise Resource Planning (EM) and World Wide Web 0 to support the networking of environmentally conscious product suppliers, manufacturers, distributors and customers. This research focuses on Supply Chain Optimization system for reverse logistics of products that are taken back for disassembly and retrieval of reusable components for remanufacturing. The goal is to provide a way in which manufacturers can reclaim various models of a product for remanufacturing (e.g. computers that have reached their EOL) [l, 21. Guide et al. [3] pointed out that the operational characteristics of remanufacturing are different from their manufacturing counterpart.
Hence, SCM for remanufbcturing has to consider the reverse logistics as an integrated function of an enterprise [4] . The challenge here is to model the system so that it can facilitate both intra-and inter-enterprise supply chain network for collecting and remanufkturing EOL products. This network can be 0-7803-5962-3/00/$10.O0 02000 IEEE 254 modeled as a Bidirectional Supply Chain (Fig. l) , where products flow in both directions:
A Reverse Supply Chain represents the products collected from consumers and businesses and returned back to manufacturers, often via distributors. Electronic products in the reverse supply chain may consist of EOL or end-of-lease products, products traded-in, and products returned due to legislative requirements. A Forward Supply Chain represents the flow of items from the suppliers to the manufacturers to the distributors and finally to the consumers. New components and used products are delivered to the manufacturers, who remmufacture the products before they are distributed to customers at the other end of the One particular constraint on reverse logistics today is the need for disassembly prior to their retrieval, according to their demand. However, when only the components in demand are retrieved, major subassemblies that need proper disposal are left behind in a disassembly facility. Most often the remaining components must be disposed of at a cost: such cost constituting the hidden costs of the process. Hence, our main focus in this paper is on the systematic decision making approach used to determine the aggregate number of a variety of products. to disassemble in order to fulfill the demand of a variety of components, and yet have an environmentally benign policy of minimizing waste supply chain.
generation. Finally, section VI provides a summary of the paper.
IL BACKGROUND
Remanufaclming is a process of restoring worn-out products to "like-ned' conditions, thus providing quality standards of new products with used parts at a considerably reduced cost. The planning and control functions of remanufhturing are significantly more complicated than traditional manufacturing [5] . Because of this, developing analytical models to analyze remanufkturing systems is a challenging task.
One particular requirement in a remanufacturing system is the need for disassembly of reclaimed products based on the demand of their components. Previous works in the area of product disassembly can be classified into two categories based on the technique that is employed, viz., planning and scheduling, and the application of mathematical optimization methodology.
Numerous studies in planning and scheduling have looked at product disassembly in order to fulfill the demand of the components. Gupta and Taleb [6] presented an algorithm for scheduling the disassembly of a discrete, welldefined product structure. The algorithm determines the disassembly schedule for the components such that the demands for those components are satisfied. In their subsequent papers, Taleb et al.
[7] and Taleb and Gupta [8] improved the methodology to include componentdmaterials commonality as well as the disassembly of multiple product structures. However, they did not address the remanufacturing problem.
Recently, some authors have applied mathematical programming in the area of materials and components reclamation. Isaacs and Gupta [9] investigated the impact of automobile design on disposal strategies by using goal programming to solve the problem. Veerakamolmal and Gupta [IO] employed mathematical programming to balance the lot sizes for the disassembly of multiple-products. The methodology optimizes the number of products of various types for disassembly in order to fulfill the demand for components. The result offers the minimum lot size for disassembly while maximizing the revenue from selling the retrieved components. For a comprehensive review of the literature in the area of environmentally conscious manufacturing and product recovery, see the paper by Gungor and Gupta [ 1 I].
IIL MODEL FORMULATION
The primary objective of the model developed in this paper is to provide a cost efficient way in which manufacturers can reclaim products for remanufacturing.
The bidirectional SCM model demonstrates the management of demand and supply for the remanufacturing process (Fig. 2) . We assume that the supply of products, which have been disposed of at the end of their lives, is finite. Since shortages in this supply are eminent which, in turn, lead to possible shortages in the supply of components for remanufacturing, the method has to account for the possibility of component inventory and/or ordering additional (new) components to fulfill the demands. After disassembly, unwanted components and materials are sent for recycling or proper disposal.
Due to possible deterioration in the conditions of some recovered components, inventory of only certain components is maintained. The shelf life of each component may vary. 
w. COMPONENTS REQUIREMENTS PLANNING mOCEDURE
CRP addresses the problem of determining the disassembly schedule for all the products. We assume that the batch of products to be disassembled is composed of two or more models of appliances belonging to the same product platform, i.e. there is components commonality within these products. The products are disassembled to obtain the various components. The terminology used in components requirements planning is explained below:
Gross Requirements (GR,): Demand of products and components in period t; Next, we present a supply chain optimization procedure to determine the lot-sizes of products (for disassembly) to obtain from the distributors to fdfill the components requirements for remanul%cturing. The procedure, while determining if there is a potential shortage in the supply bf reusable components, optimizes the lot-size of products to disassemble in each time period. We assume the following:
There is an upper & i t to the number of each type of used product (Si) available from the distributors in each time period. The dissembler may order any number of used products of each type (up to a maximum of S,) fiom the distributors, in each time period, to fullill the demand of components. Any additional need has to be fulfilled with new components.
Quality control factors (QPu) are used to account for the possibility of damaged products due to normal wear and tear during their use, or other mishaps during the collection, disassembly, or retrieval processes. After the disassembly of products, the components with no demand are recycled for materials or sent to disposal. The demanded components are sorted into good quality and defective lots. The defective components are recycled for materials or sent to disposal. The good quality components are sold to the remanufacturer if they can be utilized in the current period. The good quality components, which cannot be utilized in the current period (over-supply), are recycled for materials or sent to disposal, if their shelf lives are zero.
Wenvise, they are sold to the remanufachmr for use in the subsequent period@).
0
The following procedure also provides the process planner with a detailed components retrieval plan, which leads to an enhanced CRP performance in the bidirectional supply chain environment. A flowchart of the procedure is presented in Fig. 3 . Refer to the mathematical programming formulation in Gupta et al. [12] .
Procedure:
Step I: Input the required data such as: the length of the planning horizon (9, the demand of products to remanufixture (GR,), and the maximum supply of products (St), (end-of-lease or available at each product distribution center) in period t, (1 2 t I; 2) . In addition, prepare product specific information such as: the disassembly times, the components commonality and multiplicity, the demand, the value, the weight, the recycling cost factor, and the disposal cost index for each component. Set t = 1.
Step 2: Determine the maximum yield for demanded components after quality percentages have been accounted for.
Step 3: Assess to see if there are enough components to fulfill the demand (that is, for each component P,, check if Step Step 5: Formulate and solve the I P model. Using the demand of reusable components (D,), the maximum supply of products (S,), and the product/component specific information, obtain the number of products to order for disassembly and the net profit (or loss) from the resale, recycle and disposal of components as demonstrated in Gupta et al. [ 
121.
Step 6: Update the CRP 
v. CASE STUDY
The following case study is used to illustrate the application of the supply chain optimization procedure. A computer company remanufhms and distributes two new computer models (PC5 and PC6), that partially utilize the components from four different computer models (PCl, PC2, PC3 and PC4) at the end of their lease terms (Fig. 4 and 5) . Let the planning horizon be ten periods, and the Assembly and Ordering Lead Times (LT and RT) be one period each (assume that items can be disassembled in the same period they are received). Tables 1 and 2 show a sample of the input data that is required on each product and its components.
Design DM for manufaduring the M I PCZ and pc5 models (2) Using all the input data, the procedure detailed in the previous section is applied to the case study, The components yield, the result of the optimization in each period, and the partial listing of CRP are shown in Tables 3,4 and 5.
The results for this case study show that the lead times (for assembly and disassembly) have adverse effects on the behavior of the supply chain, causing a certain degree of oversupply and potential shortages (Tables 3 and 4) . For example, in the case study, the demand figures have been assumed to include the seasonal effects of consumer demand. Customers tend to order a higher number of computers in periods nine and ten. The results fiom CRP scheduling show that, with the total lead time of two periods, there are shortages in period 7 of components 9, 13 and 14, and in period 8 of components 9, 13, 14, and 15, even though there is ample supply of products in periods 9 and 10 ( Table 5) . The above insight suggests that, in the bidirectional supply chain where customers usually trade-in (or swap) the computers in that same period, manufacturers may not be able to take full advantage of the reusable components retrieved from the traded-in products to fulfill the demand of remanufactured products, if the assembly and disassembly lead times are long.
PC1

PC2
PC3
PC4
Another interesting observation is that the design of a product structure may also influence the preference for its disassembly. Notice that PC3 and PC4 are preferred over PC1 and PC2. This is partly due to the fact that PC3 and PC4 require less time to disassemble (and hence less processing costs) than PC1 and PC2. Another reason is that PC3 and PC4 are both built with more expensive, more advanced components, which in turn, prove to be more attractive for reclamation. Hence, in the bidirectional supply chain, products built with components of higher value will make remanufhcturing more attractive provided, of course, proper procedures are available for the collection, disassembly and retrieval. 
VL SUMMARY
In this paper, an optimization-based procedure is applied to solve the aggregate planning problem in the reverse logistics. The objective is to .find the most economical combination of products to disassemble (to fulfill the demand for Werent types of reusable components, while keeping the quantity of partially discarded products in check, and incur the least disposal cost) in each period of the planning horizon. When the problem is solved, it gives the number of each product type to be disassembled in order to fulfill the demand of components needed at minimal disassembly and disposal costs. Hence, from the supply chain perspective, this would result in minimal inventory requirements on both ends-supply of EOL products and disassembled components---of the reverse logistics chain. 
